Abstract-Raman amplification of a short laser pulse by a counter-propagating pump in a plasma is simulated with a one-dimensional electromagnetic particle-in-cell code. With a large growth rate due to three wave interaction, the pump pulse is almost totally depleted and the seed pulse is amplified significantly by the transferred energy. A moving window is adopted to enhance simulation efficiency for long interaction length.
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S
HORT LASER pulses with high energy are necessary for high-intensity laser applications such as inertial confinement fusion (ICF), laser wakefield acceleration (LWFA), and X-ray lasers. However, the laser intensity obtained by amplifiers using chirp pulse amplification (CPA) is currently limited to terawatts (10 W) per centimeter by practical limits on the size of diffraction gratings. Recently, a new method for obtaining high laser power above petawatt (10 W) per centimeter has been proposed which uses the transient Raman backscatter of a pump laser in a plasma to amplify a counter-propagatinglaser pulse [1] - [3] .
In this study, we simulate the amplification of a short laser pulse by a counter-propagating pump in a plasma using a one-dimensional (1-D) version of XOOPIC [4] , which is an object-oriented, electromagnetic, and relativistic particle-in-cell (PIC) code. Fig. 1(a) shows the combined electric field of the seed and pump pulses. Two linearly polarized plane waves are launched from opposite sides of a plasma with electron plasma frequency . The pump pulse with frequency 10 and amplitude 0.01 is launched at the position 800 m; when the front of the pump pulse almost reaches the opposite boundary, the seed pulse with frequency 9 and amplitude 0.01 is launched at the position 0. The normalized vector potentials and are defined by , where , , and are the electron charge, peak electric field, and the speed of light, respectively. Thus, for the initial pump pulse, 32 GV/m. The seed pulse has a Gaussian shape in time, and the pump pulse has a hyperbolic tangent ramp to a constant plateau. The physical parameters are summarized in Table I . The laser pulses satisfy the condition for resonant Raman backscattering, , enabling the transfer of energy from the pump pulse to the seed pulse by a three wave interaction. The longitudinal fields of the plasma waves are smaller than the transverse laser fields, and well below the wavebreaking limit of 320 GV/m. The authors are with the University of California, Berkeley, Berkeley, CA 94720 (gpenn@socrates.berkeley.edu).
Publisher Item Identifier S 0093-3813(02)03173-9. Fig. 1(b) shows the same diagnostic as that of Fig. 1(a) , the combined electric field, but for a simulation using a window moving with the speed of light. The moving window can have a much shorter length than the original simulation, since it only needs to be slightly larger than the seed pulse. The field and particle information at the leading edge of the moving window are determined by an analytic expression, and the quantities at the tail edge are discarded at every moving window time step, ; here, is the grid cell size. The moving window allows for larger simulations and for improved accuracy by using more particles per wavelength. For example, if the interaction length is doubled, not only the simulation time, but also the numbers of grid cells and simulation particles, must be doubled. Therefore, computation time quadruples. However, with a moving window, computation time only doubles. In addition, without a moving window, the pump pulse propagates for a long time before the pulses intersect, further increasing the simulation time. The simulation parameters for the cases of Fig. 1(a)-(d) are listed in Table II . Fig. 1(c) shows the spatio-temporal evolution of the electromagnetic field energy of the seed pulse with a moving window. The peak electric field has been amplified 13 times after propagating 2490 m. Initially, the exponential growth rate is 0.015 . As expected from linear theory, the pulse widens and the location of the peak is retarded compared to propagation at the speed of light. Later, when the pump pulse is being depleted, the amplification is no longer exponential and the position of the peak speeds up. Fig. 1(d) shows the corresponding depletion of the pump pulse. After the seed pulse has grown sufficiently, the portion of the pump pulse immediately behind the seed pulse is depleted by almost 100%.
In summary, amplification of a short laser pulse in a plasma is simulated with a 1-D electromagnetic and relativistic PIC code. The counter propagating pump pulse is depleted by almost 100%, and thus the seed pulse has high energy gain. The simulation efficiency is increased by adopting a moving window. Fig. 1 . The spatio-temporal profile of electric field for the simulations (a) without a moving window and (b) with a moving window, and the spatio-temporal profile of electromagnetic energy density (" E ) of (c) the seed pulse and (d) the pump pulse with a moving window. 
